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ABSTRACT

STUDY OF WEAR ON SQUARE-SHAPED DIE DURING DEEP DRAWING OF AN
ANISOTROPIC SHEET

Syed Zakrea, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Iman Salehinia, Director

Deep drawing is a manufacturing operation widely used in manufacturing industries for
producing diversified products in large numbers and for continuous production. The automobile
is one among those using deep drawing for manufacturing components like automobile outer
body parts and seals. Die is one of the expensive components in this operation and the quality of
the die has an impact on the quality of the finished product. Die is subjected to severe
mechanical and tribological conditions due to sliding of sheet over the die and high contact
pressure between the die and sheet. These harsh tribological conditions result in wear of the die
surface due to continuous use over time leading to change in the shape of the die and failures
such as cracking of the die and premature tearing on the sheet, ultimately causing production
failure. In this research, a finite element analysis is performed to estimate the wear on a squareshaped die in deep drawing. Die is modeled as elastic material while blank shows anisotropic
elasto-plastic behavior. Contact elements were used to model the interaction between different
parts in this process. Sliding distance of the sheet on the die and also contact pressure on the die
are obtained from the FEM model to estimate the abrasive wear on the die. Literature review on

the topic suggests that significant efforts have been made to study the wear on the circular die
geometry in contrast to the square die geometry. The results of the study may lead to comparison
of wear between the circular and square dies. Two different sheet anisotropy are considered:
normal anisotropy and planar anisotropy. Variation of wear on the die arc segment in radial and
circumferential directions were studied.

Keywords: Deep drawing (stamping) process, wear, finite element method, die geometry, sheet
anisotropy, earing, contact pressure, elasto-plastic sheet metal
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INTRODUCTION
1.1 Deep Drawing
Deep drawing is a manufacturing operation widely used in manufacturing industries
(especially automobile) for producing diversified products in large numbers and for continuous
production. Automobile industries use deep drawing for manufacturing components like
automobile outer body parts and seals. Die is one of the expensive components in this operation
and the quality of the die has an impact on the quality of the finished product.
Deep drawing setup typically consists of a die, blank (sheet), punch and punch holder as
shown in Figure 1.1. Force from the punch is applied on the blank (work sheet) to draw the blank
into the die cavity as shown in Figure 1.2. Since the sheet has to be drawn uniformly into the die
cavity, a blank holder force is applied on the blank before the drawing begins to avoid the lifting
of the blank from the die surface. In deep drawing, the force from the punch is transferred to the
blank and then to the die profile.

1.2 Importance to the Industry
The die is an expensive part to manufacture as the die needs to be manufactured with high
precision and accuracy. Deep drawing is used for continuous production and hence prediction of
die failure has been a topic of interest to the industries. An accurate prediction of die wear can help
industries avoid unpredicted failure of die resulting in production seizure. Keeping track of wear
will help the industry in estimating the life of the die and also help the industries in being prepared
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for replacements. Hence, it is needed for the researchers to conduct more research on the topic of
die wear.

Figure 1.1: One-fourth geometry of deep drawing setup with only a thin layer of die geometry.

Figure 1.2: Sectional front view of the one-fourth deep drawing operation presenting the forces.
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Figure 1.3: Kitchen sink manufacturing process.
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1.3 Wear
Wear is a phenomenon that occurs when two bodies are in contact with each other and
they have a relative motion similar to friction. Wear occurs due to the friction, sliding, contact
pressure, surface finish and asperities. No surface is perfectly smooth in nature; when we observe
any surface under microscope we can see the peaks and valleys on the surface of any body.
When two bodies come in contact the peaks and valleys interlock with each other and the harder
body cuts the softer one, resulting in wear of the material from the softer surface.
The wear of the die occurs due to a severe mechanical and tribological condition that occurs
at the die profile (die shoulder). Tribology is science of study of friction, wear and tear. The die
profile is subject to a severe tribological condition due to the pressure from the blank and sliding
of the blank on the die profile. The friction between the blank and the die results in wear of the die
profile. Hence, wear is a tribological science. The two primary sources of tool wear in conventional
deep drawing are abrasive and adhesive wear mechanisms [1].

1.3.1 Adhesive Wear
Adhesive wear occurs in a contact when the junction between the two contacting bodies
due to solid phase welding is stronger than the atomic bond inside one of the solid bodies (Figure
1.3.1.1) [2].
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Figure 1.3.1.1: Figure showing the adhesive wear [1].

1.3.2 Abrasive Wear
Abrasive wear is the result of scratching and micro-cutting of a surface by hard
protuberances on the counter surface or by hard particles in the contact [2]. Abrasive wear is off
two types: two-body wear and three-body wear (Figure 1.3.2.1).

Figure 1.3.2.1: Figure showing the abrasive wear [1].
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Abrasive wear is predominant due to high contact pressure during deep drawing and
three-body wear phenomenon. Another reason is difference in hardness of tool and the blank
material. Therefore, we only consider the abrasive wear for our study.
Expression for volume of abrasive wear is:

Fn = normal force
β = part of the asperities having the ability to cut
θ = angle of the assumed cone-shaped asperities for the hardest material
H = hardness of the material on which the wear is occurring
Wear is proportional to the normal force and sliding distance. Normal force varies along
the die profile. Therefore, wear varies along the die profile (Figure 1.3.2.2).

Figure 1.3.2.2: Figure variation of normal force [1].
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1.4 Sheet Anisotropy
As the sheets are manufactured by rolling process, the mechanical properties of the
material are not uniform in all the directions. Sheet anisotropy results in earing of the sheet
metals. Earing is a defect during deep drawing and earing limits the maximum cup height that
can be made. The higher the anisotropy, the higher is the earing.
The anisotropy is defined by Hill’s 48 yield function. To define Hill’s criteria of
anisotropy in Ansys, we need six ratios of yield stress. Hill’s criteria is widely used because it
needs a small number of mechanical parameters to calculate the yield function [3].
Lankford coefficient (r) is the ratio of the true width strain to the true thickness strain in
different angles to the rolling direction. There are three types of Lankford coefficients (Figure
1.4.1):
r0 = Lankford coefficient in the rolling direction.
r45 = Lankford coefficient in the 45-degree direction.
r90 = Lankford coefficient in the 90-degree direction.

Figure 1.4.1: Figure showing the different directions along the sheet [1].
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Using the following relations we can calculate the stress ratios that serve as the input to
Ansys:

where:
𝑟̅ = normal anisotropic index
Δr = planar anisotropic index
σo = reference yield stress
R = ratio of yield stress
H, G, F, N = Hill’s parameters
We have two types of anisotropy, normal and planar, as follows.

1.4.1 Normal Anisotropy
Normal anisotropy exists when r0 = r45 = r90 ≠ 1. The following two cases of normal
anisotropy are considered for study (Table 1.4.1.1).
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Table 1.4.1.1: Normal Anisotropy Cases and Ansys Input Values

Normal Anisotropy

r

Case Name

r0

r45

r90

r

Rxx

Ryy

Rzz

Rxy

Ryz

Rxz

G

1.5

1.5

1.5

1.5

0

1

1.11803

1

0.9682

0.9682

0.9682

H

2

2

2

2

0

1

1.22474

1

0.9487

0.9487

0.9487

1.4.2 Planar Anisotropy
For planar anisotropy, ‘r’ value varies at different directions to rolling direction. The
following four cases of planar anisotropy will be used (Table 1.4.2.1).
Table 1.4.2.1: Planar Anisotropy Cases and Ansys Input Values

Positive Planar
Ansiotropy
Negative Planar
Ansiotropy

r

Case Name

r0

r45

r90

r

Rxx

Ryy

Rzz

Rxy

Ryz

Rxz

B

1

2

1

1.5

-1

1

1

1

0.7746

0.7746

0.7746

C

1

3

1

2

-2

1

1

1

0.6547

0.6547

0.6547

E

2

1

2

1.5

1

1

1.22474

1

1.2247

1.2247

1.2247

F

3

1

3

2

2

1

1.41421

1

1.4142

1.4142

1.4142

1.5 Elasto-Plasticity
The material of the blank is elasto-plastic as it undergoes permanent deformation. We are
using steel for modeling the parts. Young’s modulus and Poisson’s ratio of the blank and the die
are 207 GPa and 0.3 respectively. For all the other components the values are 210 GPa and 0.3.
The material of the blank is considered to be interstitial free steel widely used for deep drawing
called ULC Ti, whose behavior is dependent on the strain rate (Figure 1.5.1) [4]. We will use
elasto-plastic stress-strain curve at small strain rate. Quasi-static yield data [4] will be used as
the inputs for multi-linear true stress/total true strain curve in Ansys software.
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Figure 1.5.1: Elasto-visco-plastic behavior of the IF steel [2].

LITERATURE REVIEW
Majlessi and Lee [5] performed a finite element analysis of deep drawing to manufacture
square-shaped metal parts. The two-dimensional elements were used to model the deformed
shape of the final part and by studying the strain distributions the initial position of the elements
was calculated. An experimental study was also conducted by drawing square and circular
shaped cups to study the strain rate. It is found that there is a good correlation between the results
of the finite element model and the experimental results.
Majlessi and Lee [6] studied the deep drawing of square and rectangular shells
experimentally to identify the process parameters such as shape and size of blank, the blank
holder force and frictional condition between blank and tooling that influence the drawing
operation. The results from the experiment were used to validate the finite element model
described in the earlier part of their paper.
Boher et al. [7] studied degradations of the arc segment of a die in the deep drawing
process. They developed their own test facility, an experimental device, which represented a
deep drawing process simulator. Their work revealed that for high strip exit angle the main
feature of the damage is abrasion. For low strip exit angle the wear occurs due to particle
transfer. It is also observed that wear damage is high at different locations on the die radius
surface. These two locations of high wear damage are observed at the entry and exit on the die
radius surface which was in agreement with the finite element model.
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Khelifa and Oudjene [8] studied the damage that occurs in the workpiece after deep
drawing for a square-shaped cup. A special technique that combines the elasto-plastic anisotropy
and ductile isotropic damage was considered. A finite element model created in ABACUS was
used to incorporate the developed damage model. Thickness strain was studied to evaluate the
damage of the sheet material. It was observed that the damage increases with increase in the
punch penetration. This paper focuses on the damage patterns on the final drawn product. Figure
2.1 shows the plastic strain distribution and damage fracture bands on the square cup [8].

Figure 2.1: Equivalent plastic strain and damage distribution for punch travel of 38.33 mm [8].

Ravindra et al. [10] model is focused on studying the ductile fracture of the sheet metal
during the drawing. A parametric finite element model was developed to study the maximum
height up to which the cup can be drawn without the ductile fracture of the blank. Both the
circular and square cup geometries were considered for study. The variation in damage regions
on the cup surface with the increase in the punch travel and change in the maximum cup height
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with the change in thickness of the blank was presented. A good similarity between the finite
element model and the experimental results for the damage region was observed.
Ayari et al. [11] developed a finite element model in ABACUS to accurately predict the
final shape of the drawn sheet, stress-strain distributions and also control the defects. An attempt
was made to study the various important parameters such as the dimensions of the sheet and the
material properties that influence the finite element simulation modeling of deep drawing
operation. The results of the numerical model were close to the experimental results. Numerical
model results were also sensitive to the sheet anisotropy, and earing profile depends on the
mechanical behavior of the material. Change in strain along different directions of the sheet is
evaluated and plotted. Influence of friction on the displacement of the blank in the three
directions was studied.
Menezesa and Teodosiub [12] developed a finite element model for the deep drawing of
square-shaped cup using three-dimensional iso-parametric elements. The sheet was modeled
considering Hill’s anisotropy criteria with isotropic and kinematic hardening. The geometry
modeling of the tools was done using Bezier surfaces. Simulation was performed and the results
found to be in good agreement with the experimental results.
Fana et al [13] developed a finite element model using ABAQUS subroutine. Elastoplastic material behavior was considered and the damage was studied at the meso scale during
deep drawing of a square cup. Blank holder force and the friction were used to study the wrinkle
formation. The results of the finite element model were in line with the predictions.
Murat [14] developed a finite element model for accurate prediction of friction involved
in deep drawing. The model developed combines Wilson’s and Khonsari’s friction models. Both
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square and cylindrical deep drawing geometries were considered. The results of the finite
element analysis serves as an input to a mathematical program that accurately computes the local
friction coefficients.
Saran et al. [15] performed a simulation of the deep drawing of an axisymmetric model
using Hill’s anisotropic model. Comparisons of the results was made with the experimental data
of axisymmetric deep drawing with different materials used in industries. It was found that the
variation of material parameters had a great impact on pressure force, strain distribution and
flange reduction.
Shim and Yang [16] compared the results of drawing a square and a cylindrical cup with
the experimental results. A shell model was used for finite element modeling which results in an
observation of large difference in results for the square geometry, which the authors attribute to
the limitations of the shell mesh in simulation of the square cup drawing operation.
Liu et al [17] studied the flange earing and limiting cup height of an anisotropic circular
blank using a finite element shell model made of triangular elements. Comparisons of the results
were made with the experimental data from cylindrical cup drawing. Square-shaped die and
punch were used. It was concluded that the limiting drawing height of the cup is influenced by
the yield function exponent. It was also shown that higher anisotropic index value results in
higher earing.
Jensen et al. [1] developed a finite element model to predict tool material wear during the
deep drawing operation. The wear on the draw die profile was predicted and compared with the
observation made in the industry. It was considered that wear is a product of contact pressure and
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sliding distance. The effect of varying parameters such as the blank thickness and strain
hardening on the wear profile was also studied.
Eriksen [18] studied how the die edge geometry in a standard deep drawing process
influences the maximum wear and the wear distribution over the die edge. By experiments with
physical simulation of deep drawing, the numerical model was verified. The model is then used
for optimization of the die edge with respect to tool wear. Different edge geometries were used: a
standard circular edge, an elliptical edge, a tractrix edge and an edge geometry designed
especially to make the wear distribution more uniform. This investigation showed that the
maximum wear on a die edge is influenced by the geometry.
Salehinia and Shahani [2] studied the effects of sheet anisotropy on wear of die in the
deep drawing of a cylindrical cup. The finite element model of the cup drawing was developed in
Ansys APDL. The material of the blank was considered to be elasto-plastic and the die material
was considered to be elastic. Wear was calculated as the product of contact pressure and sliding
distance of the sheet over the die shoulder. It was concluded that planar and normal anisotropy of
the sheet changes the distribution of relative wear depth in the circumferential direction and
radial directions on the die shoulder. In general the wear depth increases with the increase in
anisotropy and as we move from rolling direction to the 45-degree direction for positive
anisotropic index along the die circumference shown in Figure 2.2 [5]. For negative anisotropic
index the wear depth was less than the isotropic material and decreases as we move from rolling
to 45-degree direction shown in Figure 2.3 [5]. The wear also varies with the change in angular
position on the die shoulder and has two peak values, one at the die inlet (top point on the die
shoulder where the sheet starts bending and sliding) and the other at 60 degrees from the inlet
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shown in Figure 2.4 [5]. Six cases for planar anisotropy and two for normal anisotropy were
studied as shown in the Table 2.1 [5]. Cases A-C have negative anisotropic index and D-E have
positive index of anisotropy.

Figure 2.2: Distributions of RWD in the circumferential direction on the die shoulder
for the cases with positive planar anisotropy index.

Salehinia and Shahani [19] studied the wear depth on the circular die shoulder
considering the blank material to be elasto-plastic and visco-elastic. The blank and the die
material were considered to be isotropic. Finite element simulation was performed in Ansys
APDL to study the effect of parameters such as punch speed, blank holder force, die radius, and
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clearance between the punch and the die on the wear profile of the arc segment of the die.
Increase in the punch speed changes the peak value of the relative wear depth. Decreasing the
strain rate results in increase in strain rate sensitivity and increases the relative wear depth.
Decreasing the clearance increases the second peak value of the wear profile. Effect of change in
blank holder force was more on the first peak of the wear profile. Increase in wear resulted in
decrease of wear depth due to contact pressure distribution.

Figure 2.3: Distributions of RWD in the circumferential direction on the die shoulder
for the cases with negative planar anisotropy index.
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Figure 2.4: The RWD distribution along the die shoulder profile in the rolling and 45-degree
directions of the sheet for the Case C.

Table 2.1: Different Cases of Anisotropy for the Blank Material
Planar Anisotropic Cases
Case
A
B
C
D
E
F

r0

r45
1
1
1
1.5
2
3


rr

r

r90
1.2
2
3
1
1
1

1
1
1
1.5
2
3

1.1
1.5
2
1.25
1.5
2

Rxx

-0.2
-1
-2
0.5
1
2

Ryy

Rzz

1
1
1
1
1
1
1 1.118034
1 1.224745
1 1.414214

1
1
1
1
1
1

Rxy

Rxz

Ryz

0.939336
0.774597
0.654654
1.118034
1.224745
1.414214

0.939336
0.774597
0.654654
1.118034
1.224745
1.414214

0.939336
0.774597
0.654654
1.118034
1.224745
1.414214

Rxy

Rxz

Ryz

Normal Anisotropic Cases
Case
G
H

r0

r45
1.5
2

1.5
2


rr

r

r90
1.5
2

1.5
2

Rxx
0
0

Ryy
1 1.118034
1 1.224745

Rzz

1 0.968246 0.968246 0.968246
1 0.948683 0.948683 0.948683
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Tsutsumi and Kato [20] built a new apparatus that can be used for the measurement of
friction on the deep drawing die profile. The die was divided into two parts that are coaxial. The
radius part rotates and the flange part was fixed. The rotation of the radial part allows the
meridian component of the friction to be controlled. The apparatus was built based on the results
of drawing a copper blank with a sintered carbide die.
Fuh-Kuo Chen et al. [9] studied the formability of the AZ31 (aluminum 3%, zinc 1%)
sheets into square-shaped cups using both experimental and finite element approaches. Also
investigated was the effect of various process parameters such as punch and die corner radii and
forming temperature on the formability.
Colgan and Monaghan [21] developed an experimental setup for deep drawing of metal
sheets. The important parameters that influence the final drawn product were studied. The claims
made by the studies made on deep drawing through a finite element model were investigated.
The parameters such as punch speed, blank holder force, punch/die radii, and friction were
studied.
Irthiea and Ihsan [22] studied the micro-deep drawing of stainless steel sheets using a
flexible die, a technique that can be used for precision manufacturing and avoiding the high tool
wear that occurs due to interaction of tool and die due to very small clearance used in microdrawing operation. Polyurethane rubber materials was used for the flexible die model. The
influence of parameters such initial gap value, diameter and height of the rubber die, initial blank
thickness, rubber material properties, friction coefficients at various contact interfaces, initial
blank diameter, and process scaling factor on the micro-drawing process was studied. Finite
element simulations of micro-drawing systems were performed using ABAQUS. An
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experimental setup was created to perform the micro-drawing and the finite element model
results were evaluated.
Sing and Agnihotri [23] performed a review of all the recent research carried out on deep
drawing operation. Important parameters influencing the quality of drawing product and other
aspects of deep drawing operation were discussed. Based on the review of all the different
research a summary of important parameters such as blank holder force, punch rate, blank shape,
forming limits, friction, and strain path was provided. This paper serves as a good source of
literature on deep drawing as it reviewed more than eighty research papers.
After a thorough literature review on the deep drawing process of a square cup it can be
concluded that no research has been conducted on the study of wear of the die material. All the
research has focused on the studying the quality of the drawn product - the cup - and the process
parameters that influence the drawing of a square cup. Hence, this thesis project is focused on
studying the wear qualitatively on the die surface during deep drawing of a square cup. Blank
material is considered to be elasto-plastic and anisotropic. Ansy APDL is used to perform a
nonlinear contact analysis, and the finite element simulation of the deep drawing operation is
performed.

CAD MODELING FOR DEEP DRAWING
3.1 Selection of Dimensions
Dimensions of the deep drawing are selected from literature. We are using the dimensions
as per Majlessi and Lee [6] square die model. Table: 3.1.1 lists the dimensions for the square die
model. The important parameters that control a deep drawing operation are die geometry, punch
speed, blank holder force, blank size, and material of the blank.
Table: 3.1.1 Dimensions of the Square Die

Square

Punch
Size
1.5 X 1.5

Dimensions of Square Die in Inches
Punch
Punch
Die
Corner Profile
Die
Corner
Radius Radius
Cavity
Radius
0.187
0.187
1.6 X 1.6 0.187

Die
Profile
Radius
0.25

Die geometry is an important parameter that has an influence on the quality of a deepdrawn product. The shape of the die depends on the shape of the finished product. The die generally
consists of cavities and it is manufactured by casting process followed by machining and heat
treatment processes. The dimensions of the die must be carefully selected depending on the
dimensions of the finished product. The die is also the most expensive parts in the deep drawing
set because of its expensive material and difficulty in manufacturing. The quality of a die impacts
the quality of the finished product. A damaged die may result in a bad product that may fail and
may lead to a catastrophe [2].
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Punch speed is a parameter that has an influence on the deep drawing. Punch speed is the
speed with which the punch moves into a die cavity. Higher punch speed may result in a tearing
of the blank, as the blank is less ductile at higher punch speeds, especially if the material of the
blank is visco-plastic. Punch speed must be carefully selected such that we can complete the
drawing successfully without any wear of the sheet. Punch speed also depends on the thickness of
the sheet.
Blank holder force is very important as it holds the blank on to the die surface and prevents
the levitation of the blank from the die surface. Blank holder force also prevents the blank from
wrinkling. Higher blank holder force may lead to tearing of sheet, but lower blank holder force
may lead to the lifting of the blank from the die surface [19]. The blank holder force is selected by
analyzing the results in the literature [5] conducted on the square die as shown in Figure 3.1.1.

Figure 3.1.1 Selection of blank holder force.
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From the Figure 3.1.1 we know that the points below the curve will result in draw-in so we
selected a value of 2000 lbf, as our blank side length size is approximately 91mm.
Blank size is the size of the sheet that is used to make a finished product. The important
parameters of a blank geometry are thickness and area of the blank. The size of the blank depends
on the size of the finished product. The size of the blank must be slightly smaller than the size of
the die platform and the blank holder size [6]. Blank size also depends on the height of the cup that
has to be manufactured. We can also select the blank size and thickness based on the design
correlation from the standard metal forming textbooks.

3.2 CAD Model for Die
The CAD modeling is done in Ansys APDL 17.0. Only a thin layer of die geometry is
used for finite element analysis to decrease the number of finite elements needed for analysis and
thereby decreasing the processing time. The thickness of the geometry selected is 0.004 inch.
Geometry and dimensions are shown in Figure 3.2.1 - 3.2.4 and Table 3.2.1 and 3.2.2.

Figure 3.2.1 CAD geometry of the square die.
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Figure 3.2.2 CAD geometry of the square punch.

Table 3.2.1 Dimensions of the Punch
Dimension

Inches

Punch Size

1.5 X 1.5

Punch Corner Radius

0.187

Punch Profile Radius

0.187

Table 3.2.2 Dimensions of the Blank
Dimension

Inches

Thickness

0.027

Length of Side

3.6
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Figure 3.2.3 Geometry of the blank.

Figure 3.2.4 One-fourth geometry thin layer of die considered for finite element modeling.

FINITE ELEMENT MODELING PROCEDURE
The numerical simulation of the entire process can be done using a finite element model.
Ansys APDL is used to perform the contact analysis with material nonlinearity. Symmetry of the
model is used to reduce the analysis time by modeling only one fourth of the entire setup. The
reason for considering the deep drawing setup of square-shaped cup drawing to be symmetric is
because of the geometry, loads and boundary condition symmetry. The mesh of the blank and die
consists of the brick elements Solid45. The punch and blank holder are considered to be rigid.
Contacts between the blank and the tool surfaces are modeled with the aid of the pair of
CONTA173-3D four-node surface-to-surface contact and TARGE170-3D target elements.
Convergence study is done to optimize the mesh. Pilot nodes are used to apply the blank holding
force and the punch displacement. The maximum travel of the punch is set to a fixed value of
0.61 inches.

4.1 Material Properties
Material of the blank is important, since the blank is manufactured by rolling. The
properties of the blank are anisotropic elasto-plastic. The material can be steel or aluminum. Since
the blank is manufactured by rolling, its properties changes from isotropic to anisotropic. We are
using interstitial free steel also known as ULC Ti steel widely used in deep drawing of automobile
parts because of its excellent formability.
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Anisotropy is defined as the change in the mechanical properties of a material with the
direction. The material is said to be isotropic if the properties remain the same in all the directions.
Elastic material is one that returns to its original state when the loads are removed, but for an
elasto-plastic material, permanent deformation or a change in shape occurs on the application of
the load. The anisotropy is incorporated by using Hill’s criteria for defining the anisotropy of a
material. Using Hill’s yield function we will calculate the yield stress ratios that serve as an input
to the Ansys software. For calculating the six yield stress ratios we need to calculate the Lankford
coefficients.
Lankford coefficients are the ratio of true width strain to the true thickness strain. For
calculating the Lankford coefficient we use the experimental data from the literature. Using the
Lankford coefficients and some other relations from the literature, we calculate the yield stress
ratios. For different Lankford coefficients we have different anisotropy.
Two types of anisotropies are proposed to be studied: planar anisotropy and normal
anisotropy. We study a total of six cases among which four cases are considered to be planar
anisotropic wherein the Lankford coefficients in the rolling direction is equal to Lankford
coefficients in the transverse direction. The last two cases are said to be normal anisotropic as all
the three Lankford coefficients are equal and greater than one.

4.2 Finite Element Model
Finite element modeling starts with splitting the geometry. The geometry must be
carefully split considering the mesh and analysis requirements. Figures 4.2.1, 4.2.2, 4.2.3 and
4.2.4 show the split geometry of the die. The splitting on the die shoulder is done to create a line
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along which the distribution of wear along circumferential direction can be studied. Figure 4.2.5
shows the split geometry of the sheet. Figure 4.2.6 shows the blank holder geometry. Figures
4.2.7, 4.2.8, 4.2.9 and 4.2.10 show the mesh for the blank and the die. Figures 4.2.11 and 4.2.12
show the boundary conditions used for the analysis. Figures 4.2.13, 4.2.14 and 4.2.15 show
contact pairs. The normal penalty stiffness factor of 0.01 is used for the contact elements.
Contact algorithm is augmented Lagrange method. A low constant penetration tolerance of 0.001
inches is used. Friction coefficient of 0.13 is use as per the Salehinia and Shahani [2] finite
element model for the circular die.

Figure 4.2.1 Split geometry of the thin layer of the one-fourth die.
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Figure 4.2.2 1 One-eighth of the die shoulder (profile, fillet). The lines on the shoulder will be
further used for calculating relative wear depth in circumferential direction.

Figure 4.2.3 One half of the die corner.
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Figure 4.2.4 One-eighth of the die straight edge.

Figure 4.2.5 Split geometry of the blank divided into several regions in order to control the finite
element mesh. Number of divisions were changed along the red lines for the study of mesh
convergence.
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Figure 4.2.6 One-fourth of the blank holder.

Figure 4.2.7 One-fourth of the punch.
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Figure 4.2.8 Old mesh for one-fourth of the sheet.

Figure 4.2.9 New mesh for one-fourth of the sheet.
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Figure 4.2.10 Mesh for one-fourth of the die.

Figure 4.2.11 Fine mesh along the draw die profile and bigger elements along the die base.
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Figure 4.2.12 Side view of thin layer of die showing the fixed boundary condition for the die.

Figure 4.2.13 One fourth deep drawing setup showing the loading condition.
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Figure 4.2.14 Contact pair for the punch and the blank.

Figure 4.2.15 Contact pair for the blank holder and the blank.

35

Figure 4.2.16 Contact pair for the blank and the die.

Figure 4.2.17 shows the importance of new mesh; with less number of element divisions
we see more smooth results, and the results for the old mesh are still fluctuating even with very
large number of elements.
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Figure 4.2.17 Contact pressure variation along the circumferential angular position for old and
new mesh.

4.3 Wear Model
Nowadays, increase in using materials with a relatively hard surface layer in sheet-metal
forming processes results in rising wear of the tool material. During the forming operation of the
sheet product, hard asperities on the sheet penetrate into and scratch through the softer tool
material, causing wear. In this case the dominant wear mechanism is abrasive wear [2]. A
simplified expression for wear depth is:
𝑛

hx α 𝑁 ∑𝑡=1 𝑃𝑡,𝑥 𝑆𝑡,𝑥 ….………………………………..…………………Equation (1)
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where, t is the time interval number and St,x is the representative sliding length (distance) at time
t and area position x [2].
Therefore, we can say that:
𝑛

hx= 𝑘 𝑁 ∑𝑡=1 𝑃𝑡,𝑥 𝑆𝑡,𝑥 ….………………………………..…………………Equation (2)
where,
K = the proportionality constant
h = wear depth
N = number of loading cycles
t = time
P = contact pressure
S = sliding distance
x = area position
n = number of load steps
Relative wear depth (hx/k ) is the variable that is studied.

RESULTS AND DISCUSSION
This chapter starts with the report of deformation, strain, and stress for the blank during
the deformation. The main goal is to show that extra thinning and tearing doesn’t happen. Then,
variations of wear are studied along the two different directions of the die geometry. This chapter
will cover the results of the FEM calculations. We will also discuss the results and explain the
observed trends.

5.1 Deformation, Stress and Strain
Figures 5.1.1 to 5.1.15 show the stress, principal strain, contact pressure and thinning for
three different cases of anisotropies. Figures 5.1.1, 5.1.6 and 5.1.11 show the earing profile for
the drawn cup. It is observed that earing along the rolling direction is the most for Case C
compared to 45-degree direction. Earing along the 45-degree direction is highest for Case F.
Figures 5.1.2, 5.1.3,5.1.7,5.1.8,5.1.12 and 5.1.13 show the von Mises stress distributions on the
drawn cup. We see that there is no extra thinning along the rolling and 45-degree directions of
the blank for all cases of anisotropies considered. Figures 5.1.4, 5.1.5, 5.1.9, 5.1.10, 5.1.14, and
5.1.15 show the variation of principal strains along the rolling and 45-degree directions of the
blank. It is clear that the principal strain is maximum along the 45-degree direction. Also, we see
peak values for principal strain along the bottom corner region of the square cup in both rolling
and 45-degree directions of the blank.
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Figure 5.1.1 Deformed blank for Case C showing the earing profile.

Figure 5.1.2 Von Mises stress distribution on the blank for Case C.
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Figure 5.1.3 Von Mises stress distribution on one-eighth of the blank for Case C.

Figure 5.1.4 Graph of principal strain distribution along the curvilinear path in the rolling
direction for Case C.
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Figure 5.1.5 Graph of principal strain distribution along the curvilinear path in the 45-degree
direction for Case C, the blank region under the punch not shown in the graph.

Figure 5.1.6 Deformed blank for Case F.
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Figure 5.1.7 Von Mises stress distribution on the blank for Case F.

Figure 5.1.8 Von Mises stress distribution on one-eighth of the blank for Case E.
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Figure 5.1.9 Graph of principal strain distribution along the curvilinear path in the rolling
direction for Case F.

Figure 5.1.10 Graph of principal strain distribution along the curvilinear path in the 45-degree
direction for Case F, the blank region under the punch not shown in the graph.
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Figure 5.1.11 Deformed blank for Case H, showing the earing profile.

Figure 5.1.12 Von Mises stress distribution on the blank for Case H.
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Figure 5.1.13 Von Mises stress distribution on one-eighth blank for Case H.

Figure 5.1.14 Graph of principal strain distribution along the curvilinear path in the rolling
direction for Case H.
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Figure 5.1.15 Graph of principal strain distribution along the curvilinear path in the 45-degree
direction for Case H, the blank region under the punch not shown in the graph.

5.2 Nomenclature Considerations for Study of Wear Along Two Different Directions
For studying the circumferential variation of wear we consider a curve and a straight line
along the die fillet as shown in Figure 5.2.1. The starting position is considered at the center of
the die corner and the ending position is at the center of the flat edge. The die fillet (profile) has
been split into ten pieces for an angle of 0 to 15 degrees along the die inlet. The lines at an angle
of 1.5 degrees from inlet are used to study the change in wear along the circumferential direction.
An arc (length=0.338 in) and a straight line (length=0.613 in) are used to study the wear.
Therefore, the total length of wear in the study is 0.951 inches.

47

Figure 5.2.1: One-eighth die fillet geometry with only a thin layer of die geometry showing a
curve and straight line on the die shoulder.
The die fillet is split radially at three different locations along the circumferential
direction. The first split is at the center of the corner of the die and is known as Curve C, the
second location is at a distance of 0.338 inches along the curved path and is known as Curve B,
and the third location is at a distance of 0.951 inches from the first location when we travel along
the curved path and a straight line and is known as Curve A as shown in Figure 5.2.2.
For studying the wear along the die shoulder (profile) we consider three different
locations as shown in the Figure 5.2.3. We study the wear trend along the quarter circular curves
at three different locations along the die shoulder considering the topmost point of the curve at
the inlet of the die as a ‘0’ degree and the bottommost point at the exit of the die profile as a ‘90’
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degree. By using the name Curve C we imply all the small pieces of curves that fall between 0 to
90 degrees along the die shoulder, but for convenience we just call it Curve C. While extracting
the results we select all the smaller curves that fall at the location of Curve C.

Figure 5.2.2: Three locations of importance along the circumferential angular position.

Figure 5.2.3: One-fourth die fillet geometry with only a thin layer of die geometry showing three
different locations and curves for wear study along the draw die profile.
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5.3 Convergence Study
For convergence of the finite element model results we start with the convergence of the
movement of the punch in every load step, named as punch displacement increment (PDI). Due
to the nonlinear nature of the problem, the punch movement in each load-step has a big effect on
the capability of Ansys to solve the model. For this purpose, different punch displacements are
studied for a course-meshed finite element model of the deep drawing setup. From this study we
also get the maximum punch travel or punch penetration to be used.
Different values of punch displacement increment studied are 0.01, 0.003 and 0.001
inches. It is found that at the PDI of 0.003 inches, the results converged. We found that the
maximum punch travel should be set to a value of 0.61 because 0.3 inch is very early as we see
the pressure distribution is not spread over 0 to 90 degrees along the die shoulder profile,
meaning that the sheet has not been completely drawn passing through entire die shoulder
profile. When the travel is set to a value of 1 inch we see that the drawing is already complete as
there is no pressure on the die shoulder.
Using a PDI of 0.003 inch and punch travel of 0.61 inch we will conduct the nonlinear
finite element analysis to study the wear. The above discussion is proved by Figures 5.3.1, 5.3.2
and 5.3.3.
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Figure 5.3.1: Variation of contact pressure along the die shoulder for three curves, A, B and C
respectively, with a punch displacement of 0.3 inch for different PDI.
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Figure 5.3.2: Variation of contact pressure along the die shoulder for three curves, A, B and C
respectively, with a punch displacement of 0.6 inch for different PDI.
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Figure 5.3.3: Variation of contact pressure along the die shoulder for three curves, A, B and C
respectively, with a punch displacement of 1 inch for different punch rates.
The second step is to use a mesh that is converged. The mesh of the blank and the die
play a pivotal role during the finite element analysis.
Figure 5.3.4 shows the variation of relative wear depth along the die shoulder location 1.
In this figure we can see that the number of element divisions along the die shoulder have been
varied. Among the different values considered we see that the results have reached convergence
at 180 divisions for the Curve A. Similarly, if we have a look at the Figures 5.3.5 and 5.3.6 we
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can confirm that 180 divisions along the die shoulder is the optimum number of divisions for
converged results. The important thing to be noted here is the variation of divisions along the die
shoulder profile is important for the study of wear along the die shoulder.

Figure 5.3.4: Variation of relative wear depth along the die shoulder for Curve A, with different
divisions along the die shoulder.
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Figure 5.3.5: Variation of relative wear depth along the die shoulder for Curve B, with different
divisions along the die shoulder.
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Figure 5.3.6: Variation of relative wear depth along the die shoulder for Curve C, with different
divisions along the die shoulder.
Figure 5.3.7 shows the variation of relative wear depth along the circumferential direction
of the die shoulder. The number of divisions along the circumferential direction of the die are
fixed to a value of 30 and 60 divisions for the curve and straight line, respectively, along the
circumferential direction on the die shoulder. We should note that the circumferential results are
studied for only one eighth of the die shoulder. As seen in Figure 4.2.5, we highlighted two lines
with red bands; we vary the division for the sheet at the curve and the line highlighted with the
red bands. Figure 5.3.6 shows the various division pairs we used for convergence study. The
values of these divisions were selected keeping in view the number of divisions on the die along
the circumferential direction and also in order to keep the mesh flow (every division on the die
must have a parallel division on the blank, which is for good and faster nonlinear convergence as
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seen in Figure 4.2.17). The variation of relative wear depth along the circumferential direction
depends on the number of divisions along the circumferential direction on the die and the mesh
flow, mesh pattern and number of elements in the blank.

Figure 5.3.7: Variation of relative wear depth along the circumferential direction, with number of
divisions along the curve and line (highlighted in Figure 4.2.5) for the blank.
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Figure 5.3.8: One eighth of the die showing the color coding for the die mesh divisions.

Figure 5.3.9: One eighth of the blank showing the color coding for the mesh divisions.
Table 5.3.1 and Table 5.3.2 lists final mesh divisions for the blank and the die.
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Table 5.3.1: Final Mesh Divisions for the Die

Along Thickness

Number of Divisions
5
180
60
30
1

Table 5.3.2: Final Mesh Divisions for the Blank

Along Thickness

Number of Divisions
90
52
30
15
45
2

5.4 Wear Analysis
Wear results are discussed in two main sections. In the first part we discuss the variation
of wear considering the blank to have planar anisotropy and in the next part we will discuss the
effect of normal anisotropy on the die wear. The planar and normal anisotropy of the blank will
be studied along the circumferential and radial directions of the die as discussed earlier.

5.4.1 Effect of Sheet Planar Anisotropy on the Die Wear in Circumferential Direction
Figure 5.4.1.1 shows the variation of relative wear depth along the circumferential
direction of the die fillet. The plot is to study the effect of negative planar anisotropy on the
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relative wear depth along the die shoulder when the Δr value is negative. The wear plot for the
isotropic case is also added for comparison. From Figure 5.4.1.1 it is clear that the relative wear
depth is higher at the corner and it decreases as we move away from the corner. This is due to
high contact pressure and sliding at the corner. The higher the von Mises stress (Figure 5.1.1.2),
the harder the blank will be, and this may increase the contact pressure if blank touches the die.
For the negative values of anisotropic index, peak value of relative wear depth is observed just
before the interface of the corner and the flat edge, and for the isotropic case the wear is
maximum at the center of the corner. It is also observed as in case of the circular model the wear
increases with the increase in the value of anisotropy index. But, with the increase in the negative
anisotropy, the value of relative wear depth increases and is higher than the isotropic curve for
both Case B and Case C of negative planar anisotropy. Since we study the circumferential
variation at a particular location along the draw die profile and at location of 1.5 degrees which is
very close to the inlet of the die, the elements start to deform at this location; hence the wear is
insensitive to the type of planar anisotropy. Therefore wear near the inlet depends on magnitude
of anisotropy and is less sensitive to the positive or negative values.
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Figure 5.4.1.1: Distributions of relative wear depth in the circumferential direction on the die
shoulder for the cases with negative planar anisotropy index.
Figure 5.4.1.2 shows the variation of relative wear depth along the circumferential
direction of the die fillet with the positive planar anisotropy. In this case the Δr value is positive.
The wear plot for the isotropic case is also added for comparison. From Figure 5.4.1.2 it is clear
that the relative wear depth is higher at the corner and it decreases as we move away from the
corner. For the positive values of anisotropic index, peak value of relative wear depth is observed
just before the interface of the corner and the flat edge, and for the isotropic case the wear is
maximum at the center of the corner. It is also observed as in case of the circular model that the
wear increases with the increase in the value of anisotropy index. With increase in the positive
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planar anisotropy the value of relative wear depth increases and is higher than the isotropic curve
for both Case E and Case F of positive planar anisotropy.

Figure 5.4.1.2: Distributions of relative wear depth in the circumferential direction on the die
shoulder for the cases with positive planar anisotropy index.
After looking at the deformed cup shape it is clear that case with most earing has the
most wear at the corner. The case with more earing has less wear at the flat edge due to smooth
material flow over the die surface. Therefore for Case B, wear is high at the corner and less at the
flat edge. From Figures 5.1.4.3, 5.1.4.4, 5.1.4.5, 5.1.4.6, 5.1.4.7 it is clear that Von-Mises stress
distribution is consistent among all the cases with maximum values for Case E and Case B.
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Figure 5.4.1.3 Von Mises stress distribution on the blank Case B

Figure 5.4.1.4 Von Mises stress distribution on the blank Case C
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Figure 5.4.1.5 Von Mises stress distribution on the blank Case E

Figure 5.4.1.6 Von Mises stress distribution on the blank Case F
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Figure 5.4.1.7 Von Mises stress distribution on the blank Isotropic Case
Figure 5.4.1.8 shows that the rectangular model is more sensitive to the planar anisotropy
and any kind of planar anisotropy may lead to an increase in wear of the material when a squareshaped object is drawn. Therefore wear is least for the isotropic sheet and it increases for both
positive and negative values of planar anisotropy.
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Figure 5.4.1.8: Distributions of Relative Wear Depth in the circumferential direction on the die
shoulder for the cases with Positive and Negative planar anisotropy index.
From Figures 5.4.1.9, 5.4.1.10, 5.4.1.11, 5.4.1.12, 5.4.1.13, 5.4.1.14 and 5.4.1.15 we see
that contact pressure at inlet is maximum for Case C, resulting in higher wear.
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Figure 5.4.1.9 Deformed blank for negative planar anisotropy Case B.

Figure 5.4.1.10 Contact pressure on the die contact elements for Case B of negative planar
anisotropy.
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Figure 5.4.1.11 Deformed blank for negative planar anisotropy Case E.

Figure 5.4.1.12 Contact pressure on the die contact elements for Case E of negative planar
anisotropy.
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Figure 5.4.1.13 Contact pressure on the die contact elements for Case C of negative planar
anisotropy.

Figure 5.4.1.14 Contact pressure on the die contact elements for Case F of negative planar
anisotropy.
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Figure 5.4.1.15 Contact pressure on the die contact elements for negative planar anisotropy
isotropic case.

5.4.2 Effect of Sheet Planar Anisotropy on the Die Wear Along the Draw Die Profile
From Figure 5.4.2.1 to Figure 5.4.2.9, the relative wear depth along the draw die profile
is studied at three different locations when blank material is planar anisotropic.
Figure 5.4.2.1 is the variation of relative wear depth for Curve A. In this figure we see
two peaks, one from 0-10 degrees and another from 20-70 degrees. The first peak is taller than
the second peak. It is observed that positive planar anisotropy results in more wear along the die
profile. For the negative planar anisotropy the wear is less than the isotropic case. Wear is greater
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for the first peak due to more contact pressure and sliding distance. The behavior of wear at
Curve A is similar to the one reported for the circular die.

Figure 5.4.2.1: Distributions of relative wear depth along the draw die profile for different cases
of planar anisotropy index at Curve A.
Figure 5.4.2.2 is the variation of relative wear depth for Curve B. In this figure we see
two wear zones, one from 0-8 degrees and another from 20-80 degrees. The first zone has a trend
similar to the trend observed at Curve A for the first peak. But at Curve B the negative
anisotropy wear moved upwards towards the isotropic line. It is observed that similar to Curve A
positive planar anisotropy results in highest wear along the die profile. Wear at the second zone
is more discontinuous with three peaks for the positive planar anisotropic index. This is because
of the transition the sheet starts to undergo when we move towards the corner due to which the
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contact pressure at this location is not smooth and continuous. The possible reason for the
observed behavior is the excessive hardening of the blank for Cases E and F close to the Curve B
on the die profile. As listed in Table 1.4.2.1, the Rij values for Cases E and F are the highest
among all the considered cases. This results in excessive hardening in 45-degree direction that is
close to Curve B on the die profile (Figure 5.4.2.2). If the blank is touching the die surface, the
contact happens in less area, making the contact pressures highly localized, and consequently
much higher values for the contact pressure will be present. This doesn’t happen as much for
cases B and C as the contact between the blank and die is more well-developed and the contact
pressure are lower.

Figure 5.4.2.2: Distributions of relative wear depth along the draw die profile for different cases
of planar anisotropy index at Curve B.
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Figure 5.4.2.3 shows a very clear and important behavior. As observed in two other
locations, the positive planar anisotropy results in the highest amount of wear. The important
observation is the wear zones that exist from 0-8 and 30-80 degree locations along the draw die
profile. The interesting thing is that the peak in the first zone is smaller than the peaks in the
second zone. The second zone has two peaks, among which the firs peak is smaller than the
second peak. It should also be noted that the magnitude of wear is highest at this curve compared
to other two locations. The reason we see the second and the third peaks is due to the double
bending of the bank that is not present in the cylindrical cup drawing operation. After a certain
draw depth the sheet gets bent in a new direction that is perpendicular to the initial bend to create
the vertical fillet edge profile of the square cup.

Figure 5.4.2.3: Distributions of relative wear depth along the draw die profile for different cases
of planar anisotropy index at Curve C.
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When the punch starts to bend the sheet vertically along the draw line this called as
second bending, shown in Figure 5.4.2.4. The second bending increases the contact and contact
pressure exerted by blank on the die profile at the corner of the die. The first bending occurs
more smoothly at the corner but the second one has high contact pressure. Hence, from 30-80
degree zone can be considered vertical bending zone and, similar to the two peaks for general
flat bending, localized wear peaks are observed. The second peak is higher because of the
combined effect of the first bending and the second bending which amalgamates the contact
pressure in the second zone from 30-80 degrees. One more important thing is that from 80-90
degrees the wear is not zero as in the other locations due to the low exit angle between the sheet
and the die at the corner. The material at the corner has been plastically deformed and is not
allowed to spring back.

Figure 5.4.2.4: Regions of the blank showing double bending.
Figure 5.4.2.5 shows the effect of negative planar anisotropy on wear along the draw die
profile at Curve A. Similar to the circular drawing, the wear along the draw die profile is less
than the isotropic case.
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Figure 5.4.2.5: Distributions of relative wear depth along the draw die profile for two different
cases of negative anisotropy index at Curve A.
Figure 5.4.2.6 shows the effect of negative planar anisotropy on wear along the draw die
profile at Curve B. Similar to the circular drawing, the wear along the draw die profile is less
than the isotropic case. The peak value of wear for the second zone from 30-80 degrees is higher
than that observed at Curve A.
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Figure 5.4.2.6: Distributions of relative wear depth along the draw die profile for two different
cases of negative anisotropy index at Curve B.
Figure 5.4.2.7 shows the effect of negative planar anisotropy on wear along the draw die
profile at Curve C. The important thing to observe in this picture is from the degrees 80 – 90 for
the negative planar anisotropy the wear is higher for Case B, and for both the cases of negative
planar anisotropy, wear increases from 80-90 degrees. Due to high bending and deformation the
elements change the negative planar anisotropic behavior.
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Figure 5.4.2.7: Distributions of relative wear depth along the draw die profile for two different
cases of negative anisotropy index at Curve C.
Figure 5.4.2.8 shows the effect of positive planar anisotropy on wear along the draw die
profile at Curve A. The important observations are that the behavior is similar to the circular cup
drawing and the wear is more for the positive anisotropic sheet.
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Figure 5.4.2.8: Distributions of relative wear depth along the draw die profile for two different
cases of positive anisotropy index at Curve A.
Figure 5.4.2.9 shows the effect of positive planar anisotropy on wear along the draw die
profile at Curve B. We observe the two wear zones and for the second zone the relative wear
depth is discontinuous due to discontinuous contact pressure.
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Figure 5.4.2.9: Distributions of relative wear depth along the draw die profile for two different
cases of positive anisotropy index at Curve B.
Figure 5.4.2.10 shows the effect of positive planar anisotropy on wear along the draw die
profile at Curve C. The important observation is that from 80-90 degrees the wear is constant
opposite to that in the case of negative planar anisotropy. The wear from 80-90 is very near to
the wear for the isotropic case. When we look at the contact pressure contour in Figures 5.4.1.6
and 5.4.1.8, it is clear that the contact pressure at the corner is highest for the positive planar
anisotropy. Hence, the Curve B is the transition location from low to high pressure region
resulting in fluctuating contact pressure at this location.
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Figure 5.4.2.10: Distributions of relative wear depth along the draw die profile for two different
cases of positive anisotropy index at Curve C.

5.4.3 Effect of Sheet Normal Anisotropy on the Die Wear in Circumferential Direction
Figure 5.4.3.1 shows the variation of relative wear depth along the circumferential
direction of the die fillet. The plot is to study the effect of normal anisotropy on the relative wear
depth along the die shoulder. From the graph it is clear that wear increases with the increase in
normal anisotropy. The behavior of the wear trend for the normal anisotropy is similar to the
isotropic and remains constant along the corner.
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Figure 5.4.3.1: Distributions of relative wear depth along the circumferential direction on the die
shoulder for two different cases of normal anisotropy index.

5.4.4 Effect of Sheet Normal Anisotropy on the Die Wear along the Draw Die Profile
Figure 5.4.4.1 shows the effect of normal anisotropy on wear along the draw die profile at
Curve A. The wear at Curve A is very close to the isotopic case. We see the two wear zones as in
case of planar anisotropy.
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Figure 5.4.4.1: Distributions of relative wear depth along the draw die profile for two different
cases of normal anisotropy index at Curve A.
Figure 5.4.4.2 shows the effect of normal anisotropy on wear along the draw die profile at
Curve B. The wear at Curve B is slightly greater than the isotopic case. We see the two wear
zones as in the case of planar anisotropy but the second zone has high peak values of wear for
the normal anisotropic case.
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Figure 5.4.4.2: Distributions of Relative Wear Depth along the Draw Die Profile for two
different cases of Normal Anisotropy index at Curve B
Figure 5.4.4.3 shows the effect of normal anisotropy on wear along the draw die profile at
Curve C.
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Figure 5.4.3.4: Distributions of relative wear depth along the draw die profile for two different
cases of normal anisotropy index at Curve C.

CONCLUSION
The following conclusions can be drawn based on the results of the finite element model
and study of relative wear depth in the circumferential and radial directions of the die shoulder:


The wear is maximum at the corner of the die and decreases as we move away from the
corner.



For both positive and negative planar anisotropy, the wear along the circumferential
direction, close to the die inlet, is greater than the isotropic case.



For planar anisotropy the variation of wear along the draw die profile is similar to the
profile observed in case of circular cup drawing, especially at Curve A.



The relative wear depth along the draw die profile for negative (positive) planar
anisotropic cases is less (more) than that for the isotropic case for all studied locations on
the die profile.



Variation of wear along the draw die profile at the center of the corner (Curve C) shows
two main zones, one from 0 to 8 degrees and the other from 30 to 80 degrees. The second
zone has two peaks that are bigger than the first peak, indicating more wear at the corner
for an angle of 30 to 80. This high wear in the second zone is due to second bending of
sheet at the corner along the drawing direction, resulting in higher contact pressure on the
die wall.
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With increase in normal anisotropy the wear along the circumferential direction
increases.



The distribution of relative wear depth along the die shoulder for the normal anisotropic
cases is close to isotropic case almost at all locations.

6.1 Scope for Future Work
For the future work one can study the volume of wear. The change in the die surface with
wear over time can also be studied. More values of planar and normal anisotropy can be tested.
Wear can be further analyzed by developing a method to track the wear at each and every point
on the die surface. The region of high contact pressure shifts with the time and position of the
punch and the blank. Hence, it is always very tricky to make conclusions on material wear.
It will also be interesting to study the effect of various geometrical and loading
parameters on the wear of a square die in deep drawing process. The parameters include, but not
limited to, the radius of curvature at the die corner in circumferential direction, the curve type of
the die profile, the clearance between the die and the punch, and the blank holder force.
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